Introduction {#s1}
============

Wheat is one of the most important crops in the world and is critical in supporting the global population (Gupta et al., [@B13]). In conventional breeding, breeders typically increase wheat yield by altering the spike number per hectare, grain number per ear, or thousand-grain weight (Ma et al., [@B25]; Cui et al., [@B6]). However, due to certain shortcomings, such as a long crop cycle, high cost and poor results, significantly improving wheat yield via traditional breeding of these traits is difficult. Additionally, wheat yield and related traits are not easily studied because of the influences of many factors, including genotypic and environmental factors and their interactions (Cui et al., [@B6]). Important traits related to yield are spike length (Sl), fertile spikelet number (Fsn), sterile spikelet number (Ssn), grain number per spike (Gns), and thousand-kernel weight (Tkw) (Liu et al., [@B23]). Sl is typically regarded as a factor that indirectly affects yield through the total number of spikelets, Fsn and Gns (Ijaz and Kashif, [@B17]). In contrast, the other four traits are direct factors affecting wheat yield; as important breeding targets, they are consistently a focus of research. With the development of molecular markers, much research has been performed on constructing genetic maps and quantitative trait locus (QTL) mapping of wheat traits related to yield (Börner et al., [@B2]; Huang et al., [@B15]; Marza et al., [@B27]; Kumar et al., [@B21]; Li et al., [@B22]; Ma et al., [@B25]; Chu et al., [@B4]; Sun et al., [@B32]; Wang et al., [@B37], [@B36]; Zhang et al., [@B50]; Tsilo et al., [@B33]; Ding et al., [@B9]; Lu et al., [@B24]; Cui et al., [@B6]; Yang et al., [@B41]; Wu et al., [@B39]; Liu et al., [@B23]) that have been found to be controlled by polygenes and are thus quantitative in nature.

In recent years, extensive study of the genetics of spike-related traits has determined that QTLs identified in different materials involve many chromosomes (Yuan et al., [@B43]; Börner et al., [@B2]; Deng et al., [@B8]; Marza et al., [@B27]; Kumar et al., [@B21]; Li et al., [@B22]; Ma et al., [@B25]; Chu et al., [@B4]; Lu et al., [@B24]; Wang et al., [@B36]; Cui et al., [@B6]; Liu et al., [@B23]) and almost the entire genome in wheat.

The genetics of Sl have been studied by using traditional methods and different materials, such as durum wheat, barley, and wheat (Zheng et al., [@B51]; Yuan et al., [@B43]; Sharma et al., [@B31]; Gorjanović and Kraljevic-Balalic, [@B11]; Gorjanovic and Kraljevic-Balalic, [@B12]; Madiš et al., [@B26]; Lu et al., [@B24]; Nataša et al., [@B30]). Most of these studies show that additive genes play important roles in Sl in wheat. For instance, Deng et al. ([@B8]) found that 10 chromosomes (4A, 5A, 6A, 7A, 1B, 3B, 4B, 5B, 6B, and 7D) significantly affect Sl. Certain genes involving five chromosomes (3A, 5A, 2B, 1D, and 6D), particularly 2B, also influence Sl (Kumar et al., [@B21]). Based on QTL mapping, chromosomes 1A, 1B, 4A, and 7A (Jantasuriyarat et al., [@B19]; Ma et al., [@B25]) were found to be involved in Sl in common wheat. Using conditional and unconditional QTL mapping, Yu et al. ([@B42]) dissected the uppermost internode and Sl in two wheat recombinant inbred line (RIL) populations and found 13 QTLs affecting Sl on chromosomes 1A, 1B, 3D, 4A, 5A, 5D, 6A, 7A, 7B, and 7D, accounting for 3.3--25% of the phenotypic variation. In addition, Wu et al. ([@B39]) conducted fine mapping of a QTL interval for Sl and grain weight in bread wheat and identified an important locus, HL1 (head length), which was mapped to a 0.9-cM interval flanked by *Xcfd53* and *DG371*.

Some major QTLs for important yield-related traits other than SLl have been reported. For example, QTLs have been identified on chromosome 5B that affect spikelet number per spike and Gns (Miura et al., [@B29]), and Börner et al. ([@B2]) detected major QTLs on chromosomes 2DS, 4AL, and 5AL for Gns and grain weight per spike by studying a BC~2~F~1~ population. In addition, eight QTLs on chromosomes 1D, 2A, 3D, 6A, 7A, and 7D for Gns have been found (Huang et al., [@B16]), and Li et al. ([@B22]) identified five QTLs for Ssn on chromosomes 1A, 4A, 6B, 7A, and 7D and five QTLs for Fsn on chromosomes 2A, 5D, 6B, and 7D using an RIL population. In another study, Cui et al. ([@B6]) used two RIL populations with one common parent (Weimai 8) to map spike-related traits and simultaneously detected QTLs for Ssn on chromosomes 3D, 4A, and 7B. Importantly, they detected a pleiotropic effect of these QTLs. The interval between markers *Xcfd46* and *Xwmc702* on chromosome 7D was detected for the QTLs affecting Gns, Fsn, Sl, and total spikelet number per spike using RIL and immortalized F~2~ (IF~2~) populations (Ma et al., [@B25]), and Wang et al. ([@B36]) identified QTLs for these four traits on the same marker intervals of chromosomes 4BL, 5A, and 6A using an F~2−3~ population. Deng et al. ([@B7]) found QTLs for Gns, Sl, and total spikelet number per spike in the same marker interval of chromosome 4B. Stable major QTLs for six spike-related traits (Tkw, Sl, Gns, Fsn, Ssn, and total spikelet number per spike) were simultaneously identified in the marker interval *EX_C101685-RAC875_C27563* of chromosome 4B (Liu et al., [@B23]). These latter findings indicate that chromosome 4B has some important QTLs/genes for controlling spike-related traits.

Although many QTLs for these five spike-related traits in wheat have been identified, few stable molecular markers have been found that can be used for marker-assisted selection (MAS) in wheat breeding. Therefore, the objective of this study was to identify stable molecular markers for these traits that could be used in MAS by performing QTL mapping of wheat lines subjected to nitrogen (N) treatment at different development stages.

Materials and methods {#s2}
=====================

Plant materials
---------------

A population of 168 double haploid (DH) wheat lines derived from a cross of elite cultivars Huapei 3 and Yumai 57 was used for QTL mapping. Huapei3 is an elite variety with desirable agronomic characteristics for early maturity, high yield and high resistance to several diseases, and this variety was released by Henan province in 2006. Additionally, Yumai57 is a widely-cultivated variety grown under different ecological conditions because of its yield stability, and this variety was registered by the State of China in 2003. The parents differ in several important agronomical traits as well as in baking quality parameters, as described by Zhang et al. ([@B48]).

Field trials
------------

A total of 168 lines and their parents were grown in two distinct locations, Tai\'an (TA), Shandong Province (36°12′N, 117°04′E), and Jiyuan (JY), Henan Province (35°05′N, 112°36′E), China, in the 2010--2011 growing season. In the 2011--2012 growing season only in TA, pot experiments were conducted using the same soil as that at the TA location.

The soil at both locations is mainly brown, and the soil properties were tested at a depth of 0--20 cm before sowing. At the TA location, the soil had an organic matter content of 17.58 g/kg (Walkley and Black, [@B34]), an alkali-hydrolyzable N content of 23.46 mg/kg (semi-micro Kjeldahl method; Kjeltec 8200 Auto Distillation Unit, Foss, Hillerød, Denmark; Yuen and Pollard, [@B44]; Bremner, [@B3]), a rapidly available phosphorus (P) content of 45.08 mg/kg (Olsen method; Zandstra, [@B46]), and an available potassium (K) content of 153.5 mg/kg (Dirks-Sheffer method; Melich, [@B28]). At the JY location, the contents of organic matter, alkali-hydrolyzable N, rapidly available P and K were 13.7 g/kg, 67.97 mg/kg, 29.7 mg/kg, and 137.7 mg/kg, respectively.

Four treatments were applied at JY and TA in both growing seasons. T0 was the no N fertilization treatment; T1, T2, and T3 were treatments of top-dressing with 120 kg/ha of pure N at the turning-green (GS 28--29), jointing (GS 31--32) and booting (GS 47) stages, respectively (Zadoks growth stages, Zadoks et al., [@B45]). The base fertilization before applying the T1, T2, and T3 treatments was 120 kg/ha of pure N. Urea (NH~2~)~2~CO was used as N fertilizer in all treatments. Plants in all treatments were watered only one time at each stage, i.e., at the turning-green (GS 28--29), jointing (GS 31--32) and booting (GS 47) stages. N fertilizer was applied during watering.

In order to obtain the accurate result, the DH lines with the same or similar developmental stages were assigned to the same group and then grown in one plot. Ultimately, the DH population was divided into eight groups according to the developmental stages, which based on the agronomic characteristics carefully investigated in our previous study (Zhang et al., [@B48], [@B49],[@B50]). Nitrogen fertilization was applied in the different plots according to the developmental stages.

The plants were sown in a randomized block design, with two replicates at each location in each year. Each replication was designed based on a three-row plot that was 1 m long with a 26-cm row-to-row distance. The pot experiment was conducted in the same field in TA during 2011--2012; the pots were 28 cm in diameter and 23 cm deep, and they contained 14 kg of soil. Six plants were grown per pot, with two replications. During the growing seasons, damage from lodging, disease or pests did not occur.

Trait measurements
------------------

Ten plants from the middle row were used to measure Sl, Ssn, Fsn, Gns, and Tkw at the mature stage in the field. In the pot experiment, all 12 plants grown in two pots (six plants per pot) were used to measure these traits at maturity. Data averages were used in the QTL analyses.

Construction of the genetic linkage map
---------------------------------------

A previously constructed linkage map of the DH population with 323 markers located on 21 chromosomes was used (Zhang et al., [@B48]). (The markers included 284 simple sequence repeat (SSR) loci, 37 expressed sequence tag (EST) loci, 1 inter-SSR (ISSR) locus and 1 high molecular weight-glutenin subunit (HMW-GS) locus.) This linkage map covered a total length of 2485.7 cM, with an average distance of 7.67 cM between adjacent markers. The linked markers formed 24 linkage groups at LOD 4.0. The map was suitable for genome-wide QTL scanning in this study based on the recommended map distance for genome-wide QTL scanning of an interval length of 10 cM (Doerge, [@B10]).

Data analyses
-------------

Statistical analyses (e.g., of normal distributions and correlations) were performed using the SPSS 13.0 statistical software package (SPSS, Stanford, Calif, USA) and Excel 2010.

ANOVA was performed using the PROC GLM procedure of SAS 8.0 (SAS Institute Inc., Cary, NC, USA). Heritability (h^2^) was calculated as h^2^ = $\sigma_{\text{g}}^{2}$/($\sigma_{\text{g}}^{2} + \sigma_{\text{ge}}^{2}$/r$+ \sigma_{\varepsilon}^{2}$/re), where $\sigma_{\text{g}}^{2}$, $\sigma_{\text{ge}}^{2}$, and $\sigma_{\varepsilon}^{2}$ are estimates of genotype, genotype × environment and residual error variances, respectively.

QTL mapping was performed using the composite interval mapping method in IciMapping 4.0 (Wang, [@B35]; <http://www.isbreeding.net>) in individual environments. A walking speed of 1.0 cM and a logarithm of odds (LOD) score of 3.0 (based on 1000 permutations) were used to detect and declare the presence of a putative QTL.

QTL nomenclature
----------------

To clarify the designations of the examined QTLs, the following rules were adopted: "Q" denotes "QTL"; the letter following "Q" is an abbreviation of its corresponding trait, which is followed by a dot and then the letters abbreviating Shandong Agricultural University; a number and an uppercase letter, "A," "B," or "D," follow, which represent the chromosome number in a given wheat genome in which the corresponding QTL was detected; when a chromosome carries more than one QTL, a hyphen and serial number are added following the chromosome number and letter (e.g., *QFw.sdau-6A-2* denotes the second QTL for FW on chromosome 6A).

Results {#s3}
=======

Phenotypic data and correlation analyses
----------------------------------------

Sl, Ssn and Fsn of the HP3 parent showed more variation than did those of YM57 for almost all treatments in both locations and years. In contrast, Gns of HP3 showed less variation than did that of YM57 for almost all treatments in both locations and years, except T2 and T3 in 2011TA (Table [1](#T1){ref-type="table"}). In the DH population, the five traits exhibited approximately continuous variation in each treatment in the three environments (Table [1](#T1){ref-type="table"} and Figure [S1](#SM1){ref-type="supplementary-material"}). Transgressive segregation was observed in both the high and low sides in this population, indicating that alleles with positive effects were contributed by both parents. Additionally, the absolute values of skewness and kurtosis were almost \< 1, indicating that the phenotypic data were approximately normally distributed in this population (Figure [1](#F1){ref-type="fig"} and Figure [S1](#SM1){ref-type="supplementary-material"}).

###### 

Distributions of five spike-related traits in parents and DH populations of wheat under different nitrogen supplying dates.

  **Environment[^a^](#TN1){ref-type="table-fn"}**   **Treatment[^b^](#TN2){ref-type="table-fn"}**   **Parent**   **DH population**                                          
  ------------------------------------------------- ----------------------------------------------- ------------ ------------------- ------- ------ ------- ------- ------- -------
  **Sl (cm)**                                                                                                                                                               
  2011JY                                            T0                                              7.81         7.22                8.03    0.90   5.87    10.71   0.06    −0.25
                                                    T1                                              8.98         9.06                8.59    0.93   5.96    10.98   0.10    −0.15
                                                    T2                                              9.10         8.80                8.79    0.95   6.68    11.50   0.18    −0.32
                                                    T3                                              8.86         8.46                8.42    0.93   6.64    10.70   0.30    −0.39
  2011TA                                            T0                                              8.34         7.90                7.93    0.94   6.08    12.62   0.70    2.85
                                                    T1                                              8.68         8.24                8.44    0.98   5.76    12.10   0.14    0.55
                                                    T2                                              8.60         8.46                8.44    1.02   6.36    12.56   0.44    0.64
                                                    T3                                              8.46         8.14                8.41    0.95   6.40    11.84   0.25    0.22
  2012TA                                            T0                                              8.10         7.53                7.72    1.04   5.33    11.23   0.42    0.27
                                                    T1                                              7.63         7.37                7.71    0.96   5.70    10.63   0.32    0.33
                                                    T2                                              8.56         7.90                8.74    1.01   5.70    11.46   0.04    0.09
                                                    T3                                              7.50         7.50                7.55    0.91   5.50    10.83   0.44    0.45
  **Ssn (no. per spike)**                                                                                                                                                   
  2011JY                                            T0                                              3.00         0.80                2.27    0.74   0.60    4.40    0.16    −0.20
                                                    T1                                              2.20         1.20                2.40    0.83   0.80    5.00    0.78    0.73
                                                    T2                                              2.20         1.20                2.40    0.83   0.80    5.00    0.78    0.73
                                                    T3                                              2.40         1.60                2.43    0.83   0.80    6.60    1.20    3.71
  2011TA                                            T0                                              1.60         1.20                1.40    0.69   0.00    4.40    0.95    1.84
                                                    T1                                              2.40         1.00                1.92    0.50   0.70    3.40    0.22    0.33
                                                    T2                                              2.00         0.60                1.75    0.46   0.80    3.20    0.16    0.03
                                                    T3                                              2.40         1.70                1.88    0.47   0.60    3.00    0.00    −0.07
  2012TA                                            T0                                              1.80         1.40                2.24    0.90   0.60    6.20    1.24    2.47
                                                    T1                                              2.20         2.00                2.57    1.09   0.60    6.20    0.76    0.48
                                                    T2                                              1.80         1.40                1.97    0.81   0.20    4.60    0.73    0.76
                                                    T3                                              2.00         0.80                2.58    0.86   0.80    5.20    0.69    0.35
  **Fsn (no. per spike)**                                                                                                                                                   
  2011JY                                            T0                                              20.20        18.40               17.99   1.25   14.40   20.80   −0.26   −0.33
                                                    T1                                              20.20        19.40               18.48   1.16   15.60   21.40   −0.06   −0.49
                                                    T2                                              20.20        18.60               18.01   1.24   13.40   20.60   −0.44   0.30
                                                    T3                                              20.00        16.60               18.15   1.26   13.40   21.20   −0.53   1.14
  2011TA                                            T0                                              17.20        17.20               17.04   1.07   14.20   19.60   −0.05   −0.29
                                                    T1                                              16.60        17.00               16.90   0.77   14.70   18.90   −0.30   −0.04
                                                    T2                                              17.80        17.40               17.03   0.85   15.20   19.20   0.18    −0.48
                                                    T3                                              17.50        16.40               16.77   0.88   14.60   18.80   −0.10   −0.22
  2012TA                                            T0                                              20.40        18.60               18.85   1.43   14.60   22.20   −0.20   −0.10
                                                    T1                                              18.80        19.80               18.92   1.48   14.60   21.80   −0.31   0.01
                                                    T2                                              20.20        18.60               19.75   1.37   15.40   22.60   −0.47   0.08
                                                    T3                                              19.00        20.40               18.83   1.35   14.60   21.80   −0.40   0.03
  **Gns (no. per spike)**                                                                                                                                                   
  2011JY                                            T0                                              45.80        50.00               42.41   5.78   30.00   58.20   0.36    −0.22
                                                    T1                                              46.80        47.80               42.80   5.88   26.60   61.80   0.28    0.49
                                                    T2                                              50.80        48.80               41.82   5.82   29.60   60.00   0.60    0.54
                                                    T3                                              52.20        46.20               42.68   5.37   29.60   58.20   0.35    0.47
  2011TA                                            T0                                              42.20        46.00               41.84   4.67   32.00   55.20   0.09    −0.46
                                                    T1                                              44.70        50.70               45.02   4.14   33.60   57.10   −0.06   0.13
                                                    T2                                              45.40        52.30               44.14   4.24   31.60   53.80   0.15    −0.04
                                                    T3                                              40.90        45.10               43.54   3.75   34.70   53.60   0.03    −0.35
  2012TA                                            T0                                              40.40        43.00               49.01   6.68   30.50   64.40   −0.07   −0.43
                                                    T1                                              43.40        46.40               51.21   6.33   33.00   64.60   0.01    −0.22
                                                    T2                                              45.40        45.40               52.80   5.93   39.40   64.60   −0.13   −0.71
                                                    T3                                              43.40        49.80               48.18   6.03   35.00   62.60   0.14    −0.69
  **Tkw (g)**                                                                                                                                                               
  2011JY                                            T0                                              44.0         46.0                46.54   4.57   28.6    55.5    −0.41   0.71
                                                    T1                                              42.9         44.1                44.14   5.30   30.6    58.2    −0.14   −0.17
                                                    T2                                              40.8         44.2                43.64   5.79   29.7    55.2    −0.11   −0.59
                                                    T3                                              45.5         44.2                45.08   5.79   26.8    58.3    −0.30   −0.10
  2011TA                                            T0                                              47.2         42.6                48.51   5.32   35.4    59.6    −0.41   −0.50
                                                    T1                                              47.4         46.6                47.10   5.70   33.2    57.4    −0.29   −0.70
                                                    T2                                              46.1         45.5                47.17   5.54   32.6    57.3    −0.29   −0.68
                                                    T3                                              44.2         44.6                47.49   5.22   34.3    58.8    −0.33   −0.63
  2012TA                                            T0                                              44.9         46.4                45.59   4.23   34.1    58.2    −0.02   0.08
                                                    T1                                              46.5         43.4                45.36   3.82   33.3    55.0    −0.20   0.09
                                                    T2                                              48.6         46.7                45.54   3.57   35.6    55.9    −0.07   0.38
                                                    T3                                              50.8         46.8                45.22   3.89   35.0    54.7    0.07    −0.13

*2011JY, Jiyuan in 2011; 2011TA, Tai\'an in 2011; 2012TA, Tai\'an in 2012*.

*T0, no nitrogen fertilization treatment; T1, 120 kg/hm^2^pure nitrogen top-dressed fertilization at turning-green stage; T2, 120 kg/hm^2^pure nitrogen top-dressed fertilization at jointing stage; T3, 120 kg/hm^2^pure nitrogen top-dressed fertilization at the booting stage*.

![Distributions of five spike-related traits based on average data from four different treatments in two locations and 2 years.](fpls-08-02120-g0001){#F1}

Genetic variation of the DH population for the five traits was shown in Table [2](#T2){ref-type="table"}, which presents the ANOVA results for the phenotypic data. ANOVA showed that genotype, environment and G × E had significant effects on Sl, Gns and Tkw. Genotype and environment had significant effects on Fsn. Ssn was significantly affected by environment. Heritability ranged from 0.37 to 0.97 (Table [2](#T2){ref-type="table"}).

###### 

Analysis of variance results and broad-sense heritabilities for spike traits in DH populations from two locations in 2 years.

  **Trait**   **Mean squares**                              **h^2^**                                                                                             
  ----------- --------------------------------------------- ----------------------------------------------- -------------------------------------------- ------- ------
  Sl          8.12[^\*\*\*^](#TN3){ref-type="table-fn"}     108.81[^\*\*\*^](#TN3){ref-type="table-fn"}     0.49[^\*\*\*^](#TN3){ref-type="table-fn"}    0.19    0.97
  Gns         119.32[^\*\*\*^](#TN3){ref-type="table-fn"}   11564.84[^\*\*\*^](#TN3){ref-type="table-fn"}   40.04[^\*\*\*^](#TN3){ref-type="table-fn"}   23.98   0.92
  Fsn         13.39[^\*\*\*^](#TN3){ref-type="table-fn"}    791.98[^\*\*\*^](#TN3){ref-type="table-fn"}     9.06                                         8.60    0.43
  Ssn         14.51                                         138.15[^\*\*\*^](#TN3){ref-type="table-fn"}     10.56                                        10.21   0.37
  Tkw         198.26[^\*\*\*^](#TN3){ref-type="table-fn"}   1290.99[^\*\*\*^](#TN3){ref-type="table-fn"}    25.69[^\*\*\*^](#TN3){ref-type="table-fn"}   4.20    0.95

*Significant at P \< 0.001*.

Sl was significantly positively correlated with Ssn and Gns (Table [3](#T3){ref-type="table"}), and Ssn was significantly negatively correlated with Fsn and Gns. Fsn and Tkw were also negatively correlated (Table [3](#T3){ref-type="table"}). A significant positive correlation was observed between Ssn and Tkw and between Fsn and Gns.

###### 

Correlation analyses among five spike-related traits using average data.

  **CC[^a^](#TN4){ref-type="table-fn"}**   **Sl**                                     **Ssn**                                     **Fsn**                                     **Gns**   **Tkw**
  ---------------------------------------- ------------------------------------------ ------------------------------------------- ------------------------------------------- --------- ---------
  Sl                                       1                                                                                                                                            
  Ssn                                      0.244[^\*\*^](#TN5){ref-type="table-fn"}   1                                                                                                 
  Fsn                                      0.038                                      −0.199[^\*\*^](#TN5){ref-type="table-fn"}   1                                                     
  Gns                                      0.160[^\*^](#TN5a){ref-type="table-fn"}    −0.418[^\*\*^](#TN5){ref-type="table-fn"}   0.604[^\*\*^](#TN5){ref-type="table-fn"}    1         
  Tkw                                      −0.007                                     0.246[^\*\*^](#TN5){ref-type="table-fn"}    −0.233[^\*\*^](#TN5){ref-type="table-fn"}   −0.142    1

CC, Correlation coefficient;

Correlation is significant at the 0.01 level;

*Correlation is significant at the 0.05 level*.

Additive QTL analyses of five traits under nitrogen treatment
-------------------------------------------------------------

### QTLs for Sl

Eleven QTLs were detected on chromosomes 2A, 2D, 3A, 4B, 4D, 5D, 6B, and 7B under four different treatments in both locations and years (Table [4](#T4){ref-type="table"}). These QTLs explained 5.19--24.2% of the phenotypic variation. In 2011JY, two major QTLs (*QSl.sdau-2D-1* and *QSl.sdau-2D-2*) were found on chromosome 2D, with close marker intervals *Xwmc112-Xcfd53-Xwmc18* (Table [4](#T4){ref-type="table"} and Figure [2](#F2){ref-type="fig"}). *QSl.sdau-2D-1* was detected under both T0 and T3, whereas *QSl.sdau-2D-2* was found under T1 and T2. The locations of these two QTLs were very similar and near marker *Xcfd53*. Additionally, the minor QTL *QSl.sdau-6B* was consistently detected under treatments T0, T2, and T3. In 2011TA under T0, T1 and T3, the stable major QTL *QSl.sdau-2D-1*, with flanking markers *Xwmc112* and *Xcfd53*, was found, whereas under T2, another major QTL, *QSl.sdau-2D-2*, was found (Table [4](#T4){ref-type="table"} and Figure [2](#F2){ref-type="fig"}). Notably, a minor QTL on chromosome 6B was consistently detected in three treatments (T0, T1, and T2). In 2012TA, two major QTLs, *QSl.sdau-2D-1*, and *QSl.sdau-2D-2*, were detected, with 14.64--24.2% of the phenotypic variation explained (PVE; Table [3](#T3){ref-type="table"} and Figure [2](#F2){ref-type="fig"}). *QSl.sdau-2D-1* was found under treatments T0 and T2, whereas *QSl.sdau-2D-2* was identified under T1 and T3. The minor QTL *QSl.sdau-6B* was detected only under the T1 treatment.

###### 

Additive QTLs for spike length identified under different nitrogen supply dates in different years.

  **Environment[^a^](#TN6){ref-type="table-fn"}**   **Treatment[^b^](#TN7){ref-type="table-fn"}**   **QTL**           **Position**   **Left marker**   **Right marker**   **LOD**   **PVE (%)**   **Add[^c^](#TN8){ref-type="table-fn"}**
  ------------------------------------------------- ----------------------------------------------- ----------------- -------------- ----------------- ------------------ --------- ------------- -----------------------------------------
  2012 Tai\'an                                      T0                                              *QSl.sdau-2D-1*   1              *Xwmc112*         *Xcfd53*           6.12      15.60         0.41
                                                    T1                                              *QSl.sdau-2D-2*   3              *Xcfd53*          *Xwmc18*           8.45      24.20         0.45
                                                    T1                                              *QSl.sdau-6B*     0              *Xcfa2187*        *Xgwm219*          3.41      6.88          0.25
                                                    T2                                              *QSl.sdau-2D-1*   1              *Xwmc112*         *Xcfd53*           7.22      16.00         0.26
                                                    T3                                              *QSl.sdau-2D-2*   3              *Xcfd53*          *Xwmc18*           5.50      14.64         0.34
  2011 Jiyuan                                       T0                                              *QSl.sdau-2D-1*   1              *Xwmc112*         *Xcfd53*           6.83      15.88         0.41
                                                    T0                                              *QSl.sdau-3A*     116            *Xwmc527*         *Xwmc264*          3.40      6.92          −0.24
                                                    T0                                              *QSl.sdau-5D*     32             *Xbarc1097*       *Xcfd8*            3.32      6.32          0.23
                                                    T0                                              *QSl.sdau-6B*     0              *Xcfa2187*        *Xgwm219*          3.16      5.19          0.21
                                                    T1                                              *QSl.sdau-2D-2*   3              *Xcfd53*          *Xwmc18*           8.58      22.48         0.43
                                                    T1                                              *QSl.sdau-7B*     12             *Xwmc273.1*       *Xcfd22.1*         3.66      7.57          0.25
                                                    T2                                              *QSl.sdau-2D-2*   3              *Xcfd53*          *Xwmc18*           7.18      16.36         0.38
                                                    T2                                              *QSl.sdau-4D*     20             *Xcfe188*         *Xbarc224*         3.15      6.65          −0.24
                                                    T2                                              *QSl.sdau-6B*     0              *Xcfa2187*        *Xgwm219*          4.88      10.04         0.31
                                                    T3                                              *QSl.sdau-2A*     68             *Xgwm558*         *Xbarc015*         3.961     6.84          −0.24
                                                    T3                                              *QSl.sdau-2D-1*   1              *Xwmc112*         *Xcfd53*           11.79     22.89         0.44
                                                    T3                                              *QSl.sdau-6B*     0              *Xcfa2187*        *Xgwm219*          3.18      5.37          0.22
  2011 Tai\'an                                      T0                                              *QSl.sdau-2D-2*   1              *Xwmc112*         *Xcfd53*           8.13      17.1          0.39
                                                    T0                                              *QSl.sdau-6B*     0              *Xcfa2187*        *Xgwm219*          4.19      8.28          0.28
                                                    T1                                              *QSl.sdau-2A*     68             *Xgwm558*         *Xbarc015*         3.15      6.91          −0.26
                                                    T1                                              *QSl.sdau-2D-1*   1              *Xwmc112*         *Xcfd53*           4.60      10.39         0.32
                                                    T1                                              *QSl.sdau-6B*     0              *Xcfa2187*        *Xgwm219*          3.20      6.86          0.27
                                                    T2                                              *QSl.sdau-2D-2*   3              *Xcfd53*          *Xwmc18*           7.75      15.04         0.40
                                                    T2                                              *QSl.sdau-2D-3*   205.1          *Xgdm93*          *Xwmc170.1*        3.75      6.56          −0.26
                                                    T2                                              *QSl.sdau-6B*     0              *Xcfa2187*        *Xgwm219*          5.01      9.15          0.32
                                                    T2                                              *QSl.sdau-7B*     12             *Xwmc273.1*       *Xcfd22.1*         5.35      9.34          0.31
                                                    T3                                              *QSl.sdau-2D-1*   1              *Xwmc112*         *Xcfd53*           6.92      13.96         0.35
                                                    T3                                              *QSl.sdau-4B*     17             *Xwmc657*         *Xwmc48*           3.37      6.87          0.25

*2011JY, Jiyuan in 2011; 2011TA, Tai\'an in 2011; 2012TA, Tai\'an in 2012*.

*T0, no nitrogen fertilization treatment; T1, 120 kg/hm^2^ pure nitrogen top-dressed fertilization at turning-green stage; T2, 120 kg/hm^2^ pure nitrogen top-dressed fertilization at jointing stage; T3, 120 kg/hm^2^ pure nitrogen top-dressed fertilization at the booting stage*.

*Additive effect*.

![Linkage maps of important chromosome regions and co-localizing QTLs. LOD curves for QTLs were obtained from inclusive composite interval mapping (ICIM) of Sl under different nitrogen supply dates in the different locations and years. The horizontal dashed-dot line indicates the LOD threshold of 3.0 determined by permutations. E × T indicates environment × treatment. QTLs for Ssn, Fsn, Gns, Tkw, and Sl are shown in red, blue, purple, pink and black, respectively.](fpls-08-02120-g0002){#F2}

In general, three stable QTLs were found on chromosomes 2D and 6B, of which two were major QTLs on chromosome 2D, with 10.38--24.2% PVE (Table [4](#T4){ref-type="table"} and Figure [2](#F2){ref-type="fig"}) in different environments. The marker interval *Xwmc112-Xcfd53-Xwmc18* was associated with these two major QTLs. Seven environments (2011JYT0, 2011JYT3, 2011TAT0, 2011TAT1, 2011TAT3, 2012TAT0, and 2012TAT2) were found to be involved in the major QTL *QSl.sdau-2D-1* located 1 cM between *Xwmc112* and *Xcfd53*, a location close to marker *Xwmc112*. Regarding the major QTL *QSl.sdau-2D-2*, the 2011JYT1, 2011JYT2, 2011TAT2, 2012TAT1, and 2012TAT3 environments were consistently identified. The location of this QTL at 3 cM is very close to marker *Xcfd53*, with a genetic distance of only 0.7 cM (Figure [2](#F2){ref-type="fig"}). Importantly, this locus was not affected by the different N top-dressed stage treatments, which indicated that this locus is very consistent. Therefore, these two markers (*Xwmc112* and *Xcfd53*) were selected for screening Sl in MAS breeding.

Additionally, the minor QTL *QSl.sdau-6B* was consistently detected in seven different treatments (2011JYT0, 2011JYT2, 2011JYT3, 2011TAT0, 2011TAT1, 2011TAT2, and 2012TAT1), with 5.19--10.39% PVE. *QSl.sdau-7B* was found in both 2011JYT1 and 2011TAT2, and *QSl.sdau-2A* was detected in 2011JYT3 and 2011TAT1. Therefore, in addition to the major locus, i.e., *QSl.sdau-6B*, these loci are important for improving Sl.

### QTLs for Ssn

Thirteen QTLs for Ssn were found distributed on chromosomes 1B, 2B, 2D, 4A, 5A, 5D, and 7D under the four different treatments in both locations and years (Table [5](#T5){ref-type="table"}). These QTLs explained from 5.14 to 20.3% of the phenotypic variation. In 2011JY, one stable QTL, *QSsn.sdau-2B-1*, was found in all four treatments, with 5.14--11.45% PVE. *QSsn.sdau-2D-2* was detected under both the T0 and T3 treatments, explaining 20.3% and 5.88% of the phenotypic variation, respectively, whereas *QSsn.sdau-1B-1* was found under T1 and T2, with 18.55 and 8.43% PVE, respectively. The remaining three QTLs were each identified in only one treatment. In 2011TA, *QSsn.sdau-2B-1* was detected under both the T0 and T2 treatments, whereas *QSsn.sdau-1B-1* was found under T1 and T2. Although *QSsn.sdau-2D-2*, with 15.24% PVE, and *QSsn.sdau-2D-1*, with 12.59% PVE, were each detected in only one treatment, the locations of these two major QTLs are very similar and near marker *Xcfd53*. Additionally, the minor QTL *QSsn.sdau-5D* was consistently detected under T1 and T3. In 2012TA, only two QTLs, *QSsn.sdau-5B*, and *QSsn.sdau-2D-1*, were detected, under treatment T1 and T3, respectively.

###### 

Additive QTLs for sterile spikelet number identified under different nitrogen supply dates in different years.

  **Environment[^a^](#TN9){ref-type="table-fn"}**   **Treatment[^b^](#TN9){ref-type="table-fn"}**   **QTL**            **Position**   **Left marker**   **Right marker**   **LOD**   **PVE (%)**   **Add[^c^](#TN10){ref-type="table-fn"}**
  ------------------------------------------------- ----------------------------------------------- ------------------ -------------- ----------------- ------------------ --------- ------------- ------------------------------------------
  2011JY                                            T0                                              *QSsn.sdau-2B-1*   65             *Xwmc179*         *Xbarc373*         3.01      5.14          0.16
                                                    T0                                              *QSsn.sdau-2D-2*   3              *Xcfd53*          *Xwmc18*           5.55      20.30         0.33
                                                    T1                                              *QSsn.sdau-1B-1*   24             *Xcfe156*         *Xwmc406*          9.91      18.55         0.35
                                                    T1                                              *QSsn.sdau-1B-2*   35             *Xbarc119*        *Xgwm18*           4.62      8.65          −0.24
                                                    T1                                              *QSsn.sdau-2B-1*   65             *Xwmc179*         *Xbarc373*         6.53      11.45         0.27
                                                    T1                                              *QSsn.sdau-4A*     44             *Xbarc078*        *Xwmc722*          3.24      5.57          0.19
                                                    T2                                              *QSsn.sdau-1B-1*   24             *Xcfe156*         *Xwmc406*          5.30      8.43          0.30
                                                    T2                                              *QSsn.sdau-2B-1*   65             *Xwmc179*         *Xbarc373*         3.54      5.40          0.24
                                                    T2                                              *QSsn.sdau-5A*     108            *Xcfe223*         *Xwmc273.3*        4.36      7.94          0.29
                                                    T2                                              *QSsn.sdau-5D*     69             *Xbarc320*        *Xwmc215*          10.09     17.65         −0.44
                                                    T3                                              *QSsn.sdau-2B-1*   65             *Xwmc179*         *Xbarc373*         3.07      6.19          0.20
                                                    T3                                              *QSsn.sdau-2D-2*   3              *Xcfd53*          *Xwmc18*           3.02      5.88          0.20
  2011TA                                            T0                                              *QSsn.sdau-1B-2*   35             *Xbarc119*        *Xgwm18*           3.37      7.39          0.19
                                                    T0                                              *QSsn.sdau-2B-1*   65             *Xwmc179*         *Xbarc373*         3.23      7.03          0.18
                                                    T0                                              *QSsn.sdau-7D*     130            *Xwmc630.1*       *Xgdm67*           3.32      8.49          0.21
                                                    T1                                              *QSsn.sdau-1B-1*   24             *Xcfe156*         *Xwmc406*          3.75      6.62          0.13
                                                    T1                                              *QSsn.sdau-4A*     44             *Xbarc078*        *Xwmc722*          3.14      5.23          0.12
                                                    T1                                              *QSsn.sdau-5B.2*   24             *Xbarc232*        *Xwmc235*          4.09      6.76          −0.13
                                                    T1                                              *QSsn.sdau-5D*     69             *Xbarc320*        *Xwmc215*          3.25      5.30          −0.12
                                                    T2                                              *QSsn.sdau-1B-1*   24             *Xwmc406*         *Xbarc156*         3.72      6.57          0.12
                                                    T2                                              *QSsn.sdau-2B-1*   65             *Xwmc179*         *Xbarc373*         3.06      6.22          0.11
                                                    T2                                              *QSsn.sdau-2D-1*   1              *Xwmc112*         *Xcfd53*           5.72      12.59         0.16
                                                    T3                                              *QSsn.sdau-2B-2*   75             *Xbarc1042*       *Xgwm388*          3.18      6.31          0.12
                                                    T3                                              *QSsn.sdau-2D-2*   3              *Xcfd53*          *Xwmc18*           4.86      15.24         0.18
                                                    T3                                              *QSsn.sdau-5D*     69             *Xbarc320*        *Xwmc215*          3.99      9.59          −0.15
  2012TA                                            T1                                              *QSsn.sdau-5B*     2              *Xbarc1125*       *Xgwm213*          4.07      9.39          0.33
                                                    T3                                              *QSsn.sdau-2D-1*   1              *Xwmc112*         *Xcfd53*           3.43      8.09          0.24

*are the same as those for Table [3](#T3){ref-type="table"}*.

*Epistatic effect*.

In general, four stable QTLs were found on chromosomes 1B, 2B, 2D, and 5D in more than three environments, with 18.55, 11.45, 17.65, and 15.25% of the maximum PVE, respectively.

### QTLs for Fsn

Twenty QTLs for Fsn were detected, involving 13 chromosomes (1B, 2B, 2D, 3A, 3B, 3D, 4B, 5A, 5B, 5D, 6A, 7A, and 7D) under the four different treatments in both locations and years (Table [6](#T6){ref-type="table"}). These QTLs explained from 4.37 to 34.74% of the phenotypic variation. In 2011JY, one stable QTL, *QFsn.sdau-2B-1*, was detected under all four treatments, with 6.18--28.43% PVE. *QFsn.sdau-5D* was found under T1 and T3, with 16.8 and 8.55% PVE, respectively. Additionally, four other major QTLs, *QFsn.sdau-1B, QFsn.sdau-2D-2, QFsn.sdau-5D*, and *QFsn.sdau-3D*, were each identified in only one treatment. In 2011TA, *QFsn.sdau-1B* was found in T0, T2, and T3, with 34.73, 6.39, and 14.74% PVE, respectively. *QFsn.sdau-2B-1* was detected in treatments T0 and T2. *QFsn.sdau-2D-1, QFsn.sdau-2D-2*, and *QFsn.sdau-2D-3* were each found in only one treatment. In 2012TA, *QFsn.sdau-6A-1* was detected in T0 and T1, with 11.47 and 9.2% PVE, respectively. *QFsn.sdau-2D-1* and *QFsn.sdau-2D-3* were each found in only one treatment.

###### 

Additive QTLs for fertile spikelet number identified under different nitrogen supply dates in different years.

  **Environment[^a^](#TN11){ref-type="table-fn"}**   **Treatment[^b^](#TN11){ref-type="table-fn"}**   **QTL**            **Position**   **Left marker**   **Right marker**   **LOD**   **PVE (%)**   **Add[^c^](#TN13){ref-type="table-fn"}**
  -------------------------------------------------- ------------------------------------------------ ------------------ -------------- ----------------- ------------------ --------- ------------- ------------------------------------------
  2011JY                                             T0                                               *QFsn.sdau-1B*     35             *Xbarc119*        *Xgwm18*           14.14     28.24         −0.67
                                                     T0                                               *QFsn.sdau-2B-1*   65             *Xwmc179373*      *Xbarc373*         8.42      15.84         −0.49
                                                     T0                                               *QFsn.sdau-2D-2*   3              *Xcfd53*          *Xwmc18*           5.72      10.15         −0.39
                                                     T0                                               *QFsn.sdau-3B*     53             *Xgwm144*         *Xgwm299*          3.26      5.68          0.32
                                                     T0                                               *QFsn.sdau-3D*     9              *Xbarc376*        *Xgdm72*           3.17      6.00          0.30
                                                     T0                                               *QFsn.sdau-5B*     2              *Xbarc1125*       *Xgwm213*          3.02      5.10          0.28
                                                     T1                                               *QFsn.sdau-2B-1*   65             *Xwmc179*         *Xbarc373*         3.01      6.18          −0.28
                                                     T1                                               *QFsn.sdau-5D*     69             *Xbarc320*        *Xwmc215*          7.13      16.80         −0.47
                                                     T2                                               *QFsn.sdau-2B-1*   65             *Xwmc179*         *Xbarc373*         13.90     28.43         −0.65
                                                     T2                                               *QFsn.sdau-2B-2*   75             *Xbarc1042*       *Xgwm388*          8.39      15.57         0.49
                                                     T2                                               *QFsn.sdau-3D*     9              *X barc376*       *X gdm72*          5.86      10.91         0.41
                                                     T2                                               *QFsn.sdau-5A.2*   13             *Xcwem32.2*       *Xwmc59*           3.41      5.84          −0.30
                                                     T2                                               *QFsn.sdau-6A-2*   84             *Xcfe179.2*       *Xcfe179.1*        3.10      5.23          −0.28
                                                     T2                                               *QFsn.sdau-7D-2*   163            *Xwmc634*         *Xwmc273.2*        4.00      7.12          −0.33
                                                     T3                                               *QFsn.sdau-2B-1*   65             *Xwmc179*         *Xbarc373*         3.35      6.63          −0.32
                                                     T3                                               *QFsn.sdau-5D*     69             *Xbarc320*        *Xwmc215*          3.63      8.55          −0.36
  2011TA                                             T0                                               *QFsn.sdau-1B*     35             *Xbarc119*        *Xgwm18*           13.12     34.74         −0.64
                                                     T0                                               *QFsn.sdau-2B-1*   65             *Xwmc179*         *Xbarc373*         3.21      6.57          −0.27
                                                     T2                                               *QFsn.sdau-1B*     35             *Xbarc119*        *Xgwm18*           4.33      6.39          0.23
                                                     T2                                               *QFsn.sdau-2B-1*   65             *Xwmc179*         *Xbarc373*         3.00      4.37          −0.18
                                                     T2                                               *QFsn.sdau-2D-1*   1              *Xwmc112*         *Xcfd53*           4.87      7.29          −0.23
                                                     T2                                               *QFsn.sdau-2D-4*   102            *Xbarc349.1*      *Xcfd161*          4.50      8.20          0.23
                                                     T2                                               *QFsn.sdau-4B*     0              *Xwmc125*         *Xwmc47*           4.44      6.52          0.22
                                                     T2                                               *QFsn.sdau-5B.2*   0              *Xbarc36*         *Xbarc140*         3.36      4.86          −0.19
                                                     T2                                               *QFsn.sdau-6D*     0              *Xwmc412.1*       *Xcfd49*           6.97      10.61         −0.28
                                                     T2                                               *QFsn.sdau-7A*     6              *Xwmc593*         *Xbarc157.2*       3.17      4.66          0.18
                                                     T3                                               *QFsn.sdau-1B*     35             *Xbarc119*        *Xgwm18*           7.58      14.74         0.34
                                                     T3                                               *QFsn.sdau-2D-2*   3              *Xcfd53*          *Xwmc18*           4.00      7.68          −0.24
                                                     T3                                               *QFsn.sdau-2D-3*   53             *Xwmc18*          *Xwmc170.2*        5.04      9.08          0.26
                                                     T3                                               *QFsn.sdau-7D-1*   115            *Xgwm676*         *Xgwm437*          4.36      7.66          0.25
  2012TA                                             T0                                               *QFsn.sdau-6A-1*   36             *Xbarc023*        *Xbarc1077*        3.57      11.47         −0.48
                                                     T1                                               *QFsn.sdau-3A*     126            *Xwmc264*         *Xcfa2193*         3.97      8.83          0.44
                                                     T1                                               *QFsn.sdau-6A-1*   36             *Xbarc023*        *Xbarc1077*        3.25      9.21          −0.45
                                                     T2                                               *QFsn.sdau-2D-1*   1              *Xwmc112*         *Xcfd53*           4.48      9.85          −0.43
                                                     T2                                               *QFsn.sdau-2D-3*   53             *Xwmc18*          *Xwmc170.2*        3.01      6.66          0.35

*are the same as those for Table [3](#T3){ref-type="table"}*.

*Epistatic effect*.

Overall, two stable QTLs were detected on chromosomes 1B and 2B in more than three environments. Three QTLs on chromosome 2D (*QFsn.sdau-2D-1, QFsn.sdau-2D-2* and *QFsn.sdau-2D-3*) were found in two environments, involving the marker interval *Xwmc112*-*Xcfd53*-*Xwmc18*.

### QTLs for Gns

Eight QTLs for Gns were detected on chromosomes 1A, 2B, 2D, 3B, 3D, 4A, and 7A in all environments, with 6.74--17.24% PVE (Table [7](#T7){ref-type="table"}). In 2011JY, two QTLs, *QGns.sdau-4A-2* and *QGns.sdau-2B*, were identified in T1 and T3, with 6.77 and 13.77% PVE, respectively. In 2011TA, *QGns.sdau-2B* was consistently detected in treatments T0, T2 and T3, with 17.15, 17.24, and 9.36% PVE, respectively. One major QTL, *QGns.sdau-4A-1*, was found in the T1 treatment. In 2012TA, *QGns.sdau-2B* was found in both T0 and T1, and the other five QTLs were each identified in only one treatment. In general, one stable QTL, *QGns.sdau-2B*, was detected in more than three environments.

###### 

Additive QTLs for spike grain number identified under different nitrogen supply dates in different years.

  **Environment[^a^](#TN13){ref-type="table-fn"}**   **Treatment[^b^](#TN13){ref-type="table-fn"}**   **QTL**            **Position**   **Left marker**   **Right marker**   **LOD**   **PVE (%)**   **Add[^c^](#TN14){ref-type="table-fn"}**
  -------------------------------------------------- ------------------------------------------------ ------------------ -------------- ----------------- ------------------ --------- ------------- ------------------------------------------
  2011JY                                             T1                                               *QGns.sdau-4A-2*   35             *Xwmc497*         *Xwmc219*          3.29      6.77          −1.50
                                                     T3                                               *QGns.sdau-2B*     65             *Xwmc179*         *Xbarc373*         5.56      13.77         −1.94
  2011TA                                             T0                                               *QGns.sdau-2B*     65             *Xwmc179*         *Xbarc373*         6.22      17.15         −1.92
                                                     T1                                               *QGns.sdau-4A-1*   5              *Xwmc718*         *Xwmc262*          4.72      10.57         −1.34
                                                     T2                                               *QGns.sdau-2B*     65             *Xwmc179*         *Xbarc373*         7.24      17.24         −1.74
                                                     T3                                               *QGns.sdau-2B*     65             *Xwmc179*         *Xbarc373*         4.78      9.36          −1.14
                                                     T3                                               *QGns.sdau-2D*     75             *Xbarc349.2*      *Xbarc349.1*       3.28      7.46          1.04
  2012TA                                             T0                                               *QGns.sdau-2B*     65             *Xwmc179*         *Xbarc373*         3.2       7.15          −1.79
                                                     T0                                               *QGns.sdau-4A-1*   5              *Xwmc718*         *Xwmc262*          4.75      11.24         −2.24
                                                     T1                                               *QGns.sdau-1A*     54             *Xcfd59*          *Xwmc402.2*        5.14      9.83          2.00
                                                     T1                                               *QGns.sdau-2B*     65             *Xwmc179*         *Xbarc373*         3.92      7.42          −1.71
                                                     T1                                               *QGns.sdau-3B*     66             *Xgwm566*         *Xcfe009*          3.49      6.75          1.67
                                                     T1                                               *QGns.sdau-3D*     78             *Xcfd223*         *Xbarc323*         3.22      7.53          1.73
                                                     T1                                               *QGns.sdau-7A*     78             *Xwmc530*         *Xcfa2123*         3.74      7.22          1.70

*are the same as those for Table [3](#T3){ref-type="table"}*.

*Epistatic effect*.

### QTLs for Tkw

Eighteen QTLs for Tkw were identified on chromosomes 1A, 1B, 2B, 2D, 3A, 4B, 4D, 5B, 6A, 6D, and 7D in all environments, with 4.13--15.18% PVE (Table [8](#T8){ref-type="table"}). In 2011JY, *QTkw.sdau-6A* was consistently detected in all four treatments, with 15.18% of the highest PVE, whereas *QTkw.sdau-3A-1* and *QTkw.sdau-5B* were found in three treatments. In 2011TA, *QTkw.sdau-6A* was consistently detected in all four treatments, with 11.41, 7.04, 14.65, and 12.09% PVE. One major QTL, *QTkw.sdau-2B-1*, was identified in only the T0 treatment, with 15.93% PVE. In 2012TA, one major stable QTL, *QTkw.sdau-1B*, was detected in T0 and T2, explaining 21.03 and 10.01%, respectively, of the phenotypic variation. *QTkw.sdau-4B* and *QTkw.sdau-6D* were each identified in only one treatment, with 19.18 and 10.18% PVE, respectively. *QTkw.sdau-6A* was detected in the T2 treatment.

###### 

Additive QTLs for thousand-kernel weight identified under different nitrogen supplying dates in different years.

  **Environment[^a^](#TN15){ref-type="table-fn"}**   **Treatment[^b^](#TN15){ref-type="table-fn"}**   **QTL**            **Position**   **Left marker**   **Right marker**   **LOD**   **PVE (%)**   **Add[^c^](#TN16){ref-type="table-fn"}**
  -------------------------------------------------- ------------------------------------------------ ------------------ -------------- ----------------- ------------------ --------- ------------- ------------------------------------------
  2011JY                                             T0                                               *QTkw.sdau-3A-1*   146            *Xwmc264*         *Xcfa2193*         3.87      10.57         1.47
                                                     T0                                               *QTkw.sdau-6A*     43             *Xbarc1055*       *Xwmc553*          5.11      10.88         1.50
                                                     T1                                               *QTkw.sdau-3A-1*   146            *Xwmc264*         *Xcfa2193*         3.61      8.75          1.56
                                                     T1                                               *QTkw.sdau-5B*     68             *Xgwm213*         *Xswes861.2*       3.30      6.43          −1.39
                                                     T1                                               *QTkw.sdau-6A*     43             *Xbarc1055*       *Xwmc553*          3.92      7.80          1.48
                                                     T2                                               *QTkw.sdau-5B*     68             *Xgwm213*         *Xswes861.2*       3.16      6.03          −1.46
                                                     T2                                               *QTkw.sdau-6A*     43             *Xbarc1055*       *Xwmc553*          3.01      5.87          1.39
                                                     T3                                               *QTkw.sdau-3A-1*   146            *Xwmc264*         *Xcfa2193*         5.82      8.99          1.71
                                                     T3                                               *QTkw.sdau-4D*     0              *Xbarc334*        *Xwmc331*          3.23      4.71          1.24
                                                     T3                                               *QTkw.sdau-5B*     68             *Xgwm213*         *Xswes861.2*       3.01      4.13          −1.21
                                                     T3                                               *QTkw.sdau-6A*     43             *Xbarc1055*       *Xwmc553*          9.35      15.18         2.24
                                                     T3                                               *QTkw.sdau-7D-1*   123            *Xgwm676*         *Xgwm437*          4.10      7.00          1.56
                                                     T3                                               *QTkw.sdau-7D-2*   162            *Xgdm67*          *Xwmc634*          5.87      9.18          −1.73
  2011TA                                             T0                                               *QTkw.sdau-2B-1*   65             *Xwmc179*         *Xbarc373*         8.77      15.93         2.08
                                                     T0                                               *QTkw.sdau-2B-2*   75             *Xbarc1042*       *Xgwm388*          3.25      5.66          −1.24
                                                     T0                                               *QTkw.sdau-2D*     67             *Xwmc170.2*       *Xgwm539*          4.92      8.61          1.54
                                                     T0                                               *QTkw.sdau-6A*     43             *Xbarc1055*       *Xwmc553*          6.04      11.41         1.77
                                                     T1                                               *QTkw.sdau-1A*     55             *Xcfd59*          *Xwmc402.2*        3.16      4.44          1.21
                                                     T1                                               *QTkw.sdau-3A-2*   177            *Xbarc51*         *Xbarc157.1*       3.65      5.23          1.28
                                                     T1                                               *QTkw.sdau-4D*     0              *Xbarc334*        *Xwmc331*          3.77      5.27          1.29
                                                     T1                                               *QTkw.sdau-5B.2*   20             *Xbarc140*        *Xbarc142*         5.47      7.80          −1.57
                                                     T1                                               *QTkw.sdau-6A*     43             *Xbarc1055*       *Xwmc553*          4.19      7.04          1.50
                                                     T1                                               *QTkw.sdau-6D*     56             *Xcfd13*          *Xbarc054*         5.68      8.85          −1.68
                                                     T2                                               *QTkw.sdau-6A*     43             *Xbarc1055*       *Xwmc553*          5.86      14.64         2.10
                                                     T3                                               *QTkw.sdau-2D*     67             *Xwmc170.2*       *Xgwm539*          3.1035    6.82          1.36
                                                     T3                                               *QTkw.sdau-6A*     45             *Xbarc1055*       *Xwmc553*          4.98      12.09         1.81
  2012TA                                             T0                                               *QTkw.sdau-1B*     101            *Xwmc766*         *Xswes158*         7.09      21.03         1.91
                                                     T1                                               *QTkw.sdau-4B*     8              *Xwmc413*         *Xcfd39.2*         9.93      19.18         1.63
                                                     T1                                               *QTkw.sdau-5B.2*   20             *Xbarc140*        *Xbarc142*         3.21      5.56          −0.88
                                                     T1                                               *QTkw.sdau-6D*     56             *Xcfd13*          *Xbarc054*         4.85      10.18         −1.19
                                                     T2                                               *QTkw.sdau-1B*     101            *Xwmc766*         *Xswes158*         3.10      10.01         1.05
                                                     T2                                               *QTkw.sdau-2B-3*   88             *Xcwem55*         *Xbarc129.1*       3.85      8.51          −1.02
                                                     T2                                               *QTkw.sdau-6A*     43             *Xbarc1055*       *Xwmc553*          3.63      8.13          1.00

*are the same as those for Table [3](#T3){ref-type="table"}*.

*Epistatic effect*.

Therefore, three stable QTLs, *QTkw.sdau-6A, QTkw.sdau-3A-1* and *QTkw.sdau-5B*, were identified in more than three environments.

### Epistatic QTL analysis of five traits

A total of 10 major epistatic QTLs were detected, with 11.44--33.78% PVE, for the five spike-related traits (Table [9](#T9){ref-type="table"}). Two, one, three, one and three QTLs were identified for Sl, Ssn, Fsn, Gns, and Tkw, respectively, but only in one environment.

###### 

Epistatic QTLs identified for spike-related traits under different nitrogen supply dates in different years.

  **Environment[^a^](#TN17){ref-type="table-fn"}**   **Treatment[^b^](#TN17){ref-type="table-fn"}**   **QTL_1**        **Position 1**   **Marker interval**        **QTL_2**          **Position 2**   **Marker interval**     **LOD**   **PVE (%)**   **Add^\*^Add[^c^](#TN18){ref-type="table-fn"}**
  -------------------------------------------------- ------------------------------------------------ ---------------- ---------------- -------------------------- ------------------ ---------------- ----------------------- --------- ------------- -------------------------------------------------
  **Sl**                                                                                                                                                                                                                                               
  2011TA                                             T1                                               *QSl.sdau-2A*    55               *Xwmc177-Xgwm558*          *QSl.sdau-7A*      55               *Xbarc259-Xwmc596*      5.32      11.88         −0.34
                                                     T3                                               *QSl.sdau-1A*    30               *Xwmc728.1-Xwmc550*        *QSl.sdau-3A*      55               *Xswes107-Xbarc86*      5.07      15.94         0.41
  Ssn                                                                                                                                                                                                                                                  
  2012TA                                             T0                                               *QSsn.sdau-1A*   35               *Xwmc728.1- wmc550*        *QSsn.sdau-6D*     150              *Xswes679.1- cfa2129*   5.01      33.78         0.67
  Fsn                                                                                                                                                                                                                                                  
  2011JY                                             T1                                               *QFsn.sdau-4D*   175              *Xbarc237- Xcfe254*        *QFsn.sdau-6A*     35               *Xbarc023- Xbarc1077*   5.66      18.92         −0.52
  2012TA                                             T0                                               *QFsn.sdau-2D*   75               *Xbarc349.2- Xbarc349.1*   *QFsn.sdau-3A*     100              *Xwmc489.3- Xcfa2134*   5.24      15.00         0.56
                                                     T1                                               *QFsn.sdau-1B*   55               *Xgwm582- Xcfe026.2*       *QFsn.sdau-5B.2*   0                *Xbarc36- Xbarc140*     5.72      11.44         0.52
  **Gns**                                                                                                                                                                                                                                              
  2011JY                                             T0                                               *QGns.sdau-1A*   65               *Xgwm498- Xcwem6.2*        *QGns.sdau-7D*     195              *Xwmc14- Xwmc42*        5.31      20.97         3.02
  Tkw                                                                                                                                                                                                                                                  
  2011JY                                             T2                                               *QTkw.sdau-3A*   60               *Xswes107- Xbarc86*        *QTkw.sdau-5B*     0                *Xgwm133.1- Xwmc73*     5.84      16.94         2.32
                                                     T2                                               *QTkw.sdau-7A*   5                *Xwmc593- Xbarc157.2*      *QTkw.sdau-7D*     150              *Xgdm67- Xwmc634*       5.38      11.95         −2.00
                                                     T3                                               *QTkw.sdau-1A*   0                *Xgwm259- Xcwem32.1*       *QTkw.sdau-7D*     55               *Xbarc244- Xbarc352*    5.76      13.25         2.17

*are the same as those for Table [3](#T3){ref-type="table"}*.

*Epistatic effect*.

Actually, those major stable QTLs which were not affected by the nitrogen fertilization treatments or years or both should be paid more attention in this study. By comparison, 16 stable QTLs were found for five traits, including *QSl.sdau-2D-1, QSl.sdau-2D-2, QSl.sdau-6B, QSsn.sdau-2B-1, QSsn.sdau-2D-2, QSsn.sdau-1B-1, QFsn.sdau-2B-1, QFsn.sdau-1B, QFsn.sdau-6A-1, QFsn.sdau-5D, QFsn.sdau-3D, QGns.sdau-2B, QTkw.sdau-3A-1, QTkw.sdau-6A, QTkw.sdau-1B*, and *QTkw.sdau-5B*. Of these 16 QTLs, only the *QSl.sdau-2D-1*, and *QSl.sdau-2D-2* for Sl were major QTLs almost in all environments, and the remained QTLs showed major only in one environment or minor in all environments. The QTLs newly identified in T1, T2 or T3, but not detected in T0, could be induced expression by nitrogen fertilization, such as *QSl.sdau-7B, QSl.sdau-4D, QSl.sdau-2A, QSsn.sdau-4A, QSsn.sdau-5A, QFsn.sdau-7D-2*, etc. These QTLs perhaps were affected by nitrogen level.

### Validation of the two flanking markers of QTLs for Sl

Because the identified major QTLs for Sl were stable in different environments, the two flanking markers *Xwmc112* and *Xcfd53* were validated using different varieties and populations.

First, six different cultivars were used to evaluate these two markers. The sizes of the PCR fragments were 233 and 245 bp in the materials with long spikes, such as *Elytrigia elongata*, SN62008 and SN08-29 (Figure [3](#F3){ref-type="fig"}).

![The size of PCR fragments of *Xcfd53* and *Xwmc112* in six varieties. M: DL2000; lanes 1, 2, and 3 represent the short-spike varieties SN19, SN20, and SN8355; and lanes 4, 5, and 6 represent the long-spike varieties *Elytrigia elongata*, SN62008 and SN08-29.](fpls-08-02120-g0003){#F3}

Then, these markers were used to evaluate the BC~3~F~2~ population derived from *Elytrigia elongata* (donor parent) and common wheat SN20 (recurrent parent). Sl was classified into four categories: long, ≥11 cm; medium-long, 9.1--11 cm; medium, 7.1--9 cm; and short, ≤ 7.0 cm. Then, extreme individuals (approximately 60) were used to evaluate the markers. After electrophoresis, fragments of 245 and 233 bp were detected in the individuals with extremely long spikes but not in those with extremely short spikes (Figure [4](#F4){ref-type="fig"}). These findings indicated that these two markers could be used to select for Sl in MAS.

![The size of PCR fragments of *Xcfd53* and *Xwmc112* in six extreme individuals of the BC~3~F~2~ population. M: DL2000; lanes 1, 2, and 3 represent short-spike materials; and lanes 4, 5, and 6 represent long-spike materials.](fpls-08-02120-g0004){#F4}

Discussion {#s4}
==========

Some critical chromosome regions and co-localizing QTLs
-------------------------------------------------------

A few previous studies involving spike-related traits have reported certain QTL clusters (Jantasuriyarat et al., [@B19]; Kumar et al., [@B21]; Ma et al., [@B25]; Chu et al., [@B4]; Wang et al., [@B36]; Cui et al., [@B6]; Yang et al., [@B41]; Islamovic et al., [@B18]; Liu et al., [@B23]; Zhai et al., [@B47]). In this study, 70 QTLs for five spike-related traits were detected, 15 of which formed eight clusters on five chromosomes (1B, 2B, 2D, 5D, and 6A) (Figure [2](#F2){ref-type="fig"}). Three important regions were detected on chromosome 1B, with four stable QTLs controlling Ssn, Fsn, and Tkw. A fourth primary region with four stable QTLs influencing Ssn, Fsn, Gns and Tkw was delineated between markers *Xwmc179* and *Xbarc373* on chromosome 2B. With regard to chromosome 2D, two important regions were found in the *Xwmc112*-*Xcfd53*-*Xwmc18* interval, with six stable QTLs related to Sl, Ssn, and Fsn. The marker interval *Xbarc320*-*Xwmc215* on chromosome 5D was found to harbor two stable QTLs controlling Ssn and Fsn. The remaining critical region with a consistent QTL was the marker interval *Xbarc1055*-*Xwmc553* on chromosome 6A, involving Tkw. These QTLs were stable in most environments. Co-localizing QTLs for different spike-related traits on many wheat chromosomes, such as 2D, 4A, 4B, 5A, 5B, 6A, and 7B, have been reported (Ma et al., [@B25]; Cui et al., [@B6]; Xu et al., [@B40]; Liu et al., [@B23]; Zhai et al., [@B47]).

In this study, the co-localizing QTLs primarily mapped to chromosomes 1B, 2B, 2D, and 5D. These co-localizing QTLs were related to Ssn and Fsn (chromosomes 1B and 5D); Ssn, Fsn, Gns, and Tkw (chromosome 2B); and Sl, Ssn and Fsn (chromosome 2D), particularly Ssn and Fsn (1B, 2B, 2D, and 5D). Therefore, Gns and Tkw can be expected to be improved by enhancing Sl and Ssn, respectively. The markers around these QTLs might be useful for marker-assisted breeding. Co-localizing QTLs for Ssn and Fsn were found on four chromosomes, with a significantly negative correlation coefficient between them, indicating that the loci controlling these two traits are typically dependent and that increasing Fsn would likely, to some extent, result in a decrease in Ssn, which is consistent with practical breeding experience.

Comparison of the present findings with previous research
---------------------------------------------------------

By affecting the number of spikelets, Fsn, and Gns, Sl is an important indirect factor that influences wheat yield, indicating that breeders should focus more attention on this phenotype (Ijaz and Kashif, [@B17]). Previous studies on QTL mapping for Sl using different populations such as RIL, IF2, ITMI RIL, F~2:3~, and DH populations have detected many major QTLs involving eleven chromosomes (1A, 1B, 2B, 2D, 4A, 4D, 5A, 5B, 6A, 6B, 7A, and 7D) (Jantasuriyarat et al., [@B19]; Kumar et al., [@B21]; Ma et al., [@B25]; Chu et al., [@B4]; Yang et al., [@B41]; Islamovic et al., [@B18]). In this study, QTLs for Sl were similarly detected on chromosomes 2B, 2D, 6B, and 7A, but the consistent major QTL was only detected on chromosome 2D, with 24.2% of the highest PVE. Ma et al. ([@B25]) detected one major QTL, *QSpl.nau-2D*, with 20% PVE, and Kumar et al. ([@B21]) and Wang et al. ([@B36]) each found one major QTL on chromosome 2D, with 11.36 and 13.61% PVE, respectively. In the present study, a stable minor QTL on chromosome 6B was identified along with two major epistatic QTLs. These results indicate that Sl is primarily controlled by a major QTL/gene but is also affected by a minor QTL/gene as well as interactions between QTLs/genes. In 2014, the near-isogenic line (NIL) *QSpl.nau-2D* was developed by MAS using Mianyang 99--323 as the recurrent parent to validate its genetic effect and determine its precise location (Wu et al., [@B39]). *QSpl.nau-2D* was designated HL1 because it functions as a single gene and conditions Sl in a partially dominant manner. HL1 was subsequently precisely mapped to the interval flanked by *Xcfd53* and *DG371*, at 0.9 cM, resulting in longer spikes and a higher grain weight (Wu et al., [@B39]).

The common flanking marker "*Xcfd53*" of the major QTL was detected in the present research, and the genetic distance between *Xwmc112* and *Xcfd53* was found to be 0.7 cM, which is smaller than that between *Xcfd53* and *DG371*. These results demonstrate that the major QTL found on chromosome 2D in this research is valid and important for improving Sl. Importantly, the different environments and N top-dressed stage treatments did not affect this major QTL. Xu et al. ([@B40]) also identified the stable QTL (*QSl-2D*) in the same marker interval (*Xwmc112* and *Xcfd53*), which was also not influenced by nitrogen and phosphorus fertilization. This QTL in our research is very consistent and has been used in molecular breeding. The size of amplification fragments for *Xwmc112* and *Xcfd53* using wheat samples with a long Sl was 233 and 245 bp, respectively. Wu et al. ([@B39]) also found that an NIL with the *Xcfd53*-*DG371* interval had a long Sl. Additionally, one consistent minor QTL on chromosome 6B was identified in the present research.

Only a few studies to date have simultaneously reported QTLs for Ssn and Fsn (Li et al., [@B22]; Ma et al., [@B25]; Cui et al., [@B6]; Xu et al., [@B40]; Liu et al., [@B23]; Zhai et al., [@B47]), primarily involving chromosomes 1A, 1B, 2D, 3A, 3B, 4A, 4B, 5A, 5D, 7A, and 7D. In our study, stable QTLs for Ssn and Fsn, which were not affected by N application at the different stages, were found in the same intervals on chromosomes 1B, 2B, 2D, and 5D. The stable QTLs *QSsn.sdau-2B-1* and *QFsn.sdau-2B-1* on chromosome 2B are particularly noteworthy because they are novel QTLs and are first reported herein. Additionally, the stable QTL *QGns.sdau-2B* in the same region was first detected in this study. Gns was significantly positively correlated with Fsn but negatively correlated with Ssn. These results indicate that the loci controlling these three traits are often not independent and that increasing Fsn, decreasing Ssn or both could improve Gns, which is consistent with practical breeding experience. The marker interval *Xwmc112*-*Xcfd53*-*Xwmc18* on chromosome 2D with pleiotropic effects was found to involve six QTLs, including QTLs for not only Sl but also Ssn and Fsn. Cui et al. ([@B6]) and Zhai et al. ([@B47]) also identified QTLs for Sl, Ssn and Fsn. Located in this region is the gene Rht8, which has been associated with QTLs for plant height, Sl, spikelet number, Tkw, spikelet compactness and grain yield (Ma et al., [@B25]; Cui et al., [@B6]; Xu et al., [@B40]; Zhai et al., [@B47]). Therefore, this region will be important for improving spike-related traits. In addition, Li et al. ([@B22]) found only one QTL, *QFss.sdau-5D.e3*, for Fsn, with 70.25% PVE, on chromosome 5D in one environment. Similarly, we detected a QTL for Fsn on chromosome 5D in this research but in a different region, i.e., in the *Xbarc320*-*Xwmc215* interval. Some important QTLs for heading date and chlorophyll content are also associated with this region (Zhang et al., [@B49],[@B50]). These results suggest that this region is important for spike development.

In previous studies, most QTLs for Tkw have been detected on chromosomes 1B, 1D, 2A, 2B, 4B, 5A, 6A, 7B, and 7D (Huang et al., [@B16]; Li et al., [@B22]; Sun et al., [@B32]; Wang et al., [@B37], [@B36]; Tsilo et al., [@B33]; Liu et al., [@B23]). Wang et al. ([@B36]) detected a QTL in the marker interval *barc1055*-*barc37* on chromosome 6A in 237 F~2:3~ families derived from the cross of 3228 and Jing 4838. In the present study, we also found a stable QTL, *QTkw.sdau-6A*, between the markers *Xbarc1055* and *Xwmc553* on chromosome 6A, and importantly, *Xbarc1055* was found to be a common marker, indicating that they might be the same QTL. Moreover, this region contains an important gene controlling Tkw. Ding et al. ([@B9]) and Liu et al. ([@B23]) also identified QTLs for Tkw on chromosome 6A but at different positions than found here.

In addition, QTLs for nitrogen concentration and utilization efficiency traits have been reported on chromosomes 3A, 4B, 4D, 6A, 5A, and 7A (Xu et al., [@B40]). Cormier et al. ([@B5]) also identified the important chromosomal regions determining nitrogen use efficiency components using a genome-wide association study, involving chromosomes 2D, 4D, 1A, 3A, 3B, 4B, 2A, 5B, and 7B for related traits, such as nitrogen use efficiency, nitrogen use to protein efficiency, nitrogen utilization efficiency, nitrogen utilization to protein efficiency, nitrogen uptake, nitrogen harvest index, straw dry matter at maturity, straw nitrogen content at maturity. In our study, we also found several QTLs on chromosomes 2A, 2D, 4B, 5A, 5B, 6A, and 7B when nitrogen fertilization was used, such as *QSl.sdau-2A*, QSsn.sdau-5A, *QTkw.sdau-5B, QSl.sdau-7B*, etc., which perhaps were induced by nitrogen treatment. Moreover, there were also some QTLs identified on other chromosomes, such as 1B, 2B, 4A, 5D, and 7D. Of these QTL, *QSsn.sdau-1B-1, QSsn.sdau-5D, QFsn.sdau-5D* were detected in at least 2 years and two nitrogen treatments. Several publications already mentioned the important region on chromosomes 2D as affecting plant height, Sl, Ssn per spike, and harvest index (Cormier et al., [@B5]; Xu et al., [@B40]), this region was identical to gene Rht8 (Korzun et al., [@B20]; Worland et al., [@B38]; Zhai et al., [@B47]), and perhaps also related to photoperiod gene. The QTL on chromosome 6A for Tkw in this study had the same marker Xbarc1055 with the QTLs *QNUtE*~*DM*~*-6A* and *QNUtE*~*GY*~*-6A* for nitrogen utilization efficiency for aboveground dry matter and grain yield (Xu et al., [@B40]). This region also affected NutE_Prot (nitrogen use to protein efficiency), grain number per ear, root dry weight and %N_S (straw nitrogen content at maturity) (An et al., [@B1]; Habash et al., [@B14]; Xu et al., [@B40]). Its interval was related to the genes *TaGW2* and glutamine synthetase *GS 1*. Therefore, these new QTLs identified under each different treatment perhaps were important for reasonable cultivation from molecular level because of relating to important genes for nitrogen use efficiency-related traits. In the future, to dissect the influence of cultivation treatments on QTL expression, the conditional QTL mapping should be used besides unconditional QTL mapping.

In summary, 70 QTLs involving five spike-related traits were detected in different environments, and eight critical chromosome regions were found. Sixteen stable QTLs that were little affected by N application treatments were identified. Of these, the flanking markers of important QTLs on chromosomes 2B, 2D, and 6A for Ssn, Fsn, Sl, and Tkw can be used in MAS breeding. The results of this study increase our understanding of the genetic basis of spike-related traits.
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